Nondegenerate four-wave mixing (NDFWM) in a double-L system of Rb atomic vapor was achieved for collinear pump fields. By comparison of different pump -probe configurations, direct experimental evidence of inf luence of coherent population trapping on the output power of the NDFWM signal was established. A maximal efficiency for generating the NDFWM signal exists for a moderate pump power in this double-L system. © 1998 Optical Society of America OCIS codes: 190.0190, 020.0200, 270.0270. The atomic coherence effect has been used to enhance the efficiency of nonlinear optical processes.
The atomic coherence effect has been used to enhance the efficiency of nonlinear optical processes. 1 -6 In particular, four-wave mixing in the double-L systems recently gained attention because it was found to be advantageous in using coherent population trapping to enhance the efficiency of a generated signal. 4, 5 Generally speaking, linear absorption competes with the nonlinear signal generation at the exact one-photon resonance condition. However, in the double-L scheme ( Fig. 1) , one can, in principle, reduce or even eliminate the linear absorption by preparing the system in the coherent population trapping state 7 if long-lived levels 1 and 2 are used. Continuous four-wave mixing with high conversion eff iciency was achieved in a double-L system of Na 2 . 4 However, the quantum interference effect is not strong in the system used in Ref. 4 , because the residual Doppler broadening ͑ϳ100 MHz͒ in that system is much larger than the natural linewidth of atomic transitions and the pump fields do not propagate collinearly. The inf luence of coherent population trapping, therefore, could not be clearly demonstrated in that experiment.
In this Letter we report an experimental demonstration of nondegenerate four-wave mixing (NDFWM) in a double-L conf iguration of Rb atomic vapor. Unusual behavior of signal output power as a function of pump power was experimentally observed; i.e., a maximum in the generated signal power is reached as the pump power increases. By comparing several related systems, we have concluded that coherent population trapping is the mechanism underlying this interesting effect. Our double-L system involves four magnetic sublevels of 87 Rb (see Fig. 1 ). Such hyperfine-type double-L systems are not suitable for frequency upconversion owing to the limited separations between the hyperf ine levels involved. However, the advantage of this conf iguration is that the residual Doppler linewidth ͑ϳ0.01 MHz͒ is much less than the natural linewidth ͑ϳ6 MHz͒ of the transitions. If the laser beams are copropagating in the same direction, the two-photon resonance (as well as the coherent population trapping) is, therefore, preserved for all atoms, offering an ideal case for investigation of the inf luence of coherent population trapping in a double-L system.
The experimental setup is shown in Fig. 2 Fig. 1 , several other double-L or L systems can also work for NDFWM. 6 The nonlinear signals are shifted 812 MHz up or down from pump field v 1 , as shown in the insets of Fig. 3 .
At f irst pump f ield v 1 is attenuated to ϳ1 mW, whereas pump f ield v 2 is kept strong (25.3 mW). When the two fields satisfy the twophoton resonance condition in the lower L system, electromagnetically induced transparency occurs for pump f ield v 1 . 8 Therefore a narrow transmission peak appears at the conventional absorption prof ile of v 1 when it is scanned across the transition line of F 1 ! F 0 1. By tuning the frequency of pump field v 2 , we can position the electromagnetically induced transparency peak at the center of the absorption prof ile, which corresponds to the detuning D 2 D 3 0. The atomic density of Rb vapor is approximately 2.2 3 10 11 cm 23 (cell temperature, ϳ55 ± C). To get a strong nonlinear signal, one must increase the power of pump field v 1 to the order of 1 mW. Figure 3 shows a typical result with beat signals at 732 and 892 MHz, which represent nonlinear signals of v 1 1 812 MHz and v 1 2 812 MHz, respectively. One should keep in mind that the intensity of the beat signal is proportional to the square root of the generated signal power, P 4 ͑I s~p P 4 ͒. In Fig. 3 , the beat signal appears as four separate peaks when pump field v 1 is scanned through the two transitions F 1 ! F 0 1 and F 0 2. Each peak is attributed to a NDFWM process in a L or a double-L system, as shown in the insets of Fig. 3 . Pump f ield v 3 in insets A and C comes from the lower sideband of LD2. The inset B is the same as the scheme shown in Fig. 1 . At the beginning, the reference beam ͑v 1 1 80 MHz͒ is horizontally polarized. To observe the nonlinear signal with vertical polarization, we first adjust pump field v 2 ϳ1 mrad away from pump f ield v 1 , preventing D2 from being saturated by strong pump field v 2 . Then PB4 is removed. The beat signal with horizontal polarization is only a little lower than before because of the small misalignment between fields v 1 and v 2 . However, when the polarization of reference beam v 1 1 80 MHz is changed to vertical, there is no beat signal at either 732 or 892 MHz, which shows the nonexistence of a nonlinear signal for vertical polarization. In Fig. 3, peak B (corresponding to inset  B) occurs only at the position of two-photon resonance of v 1 and v 2 in the lower L system. For the relevant double-L system, it was predicted that the nonlinear susceptibility in the weak-f ield approximation would be
The detuning D 1 dependence is determined by a Lorenzian prof ile of width G 12 , which is the width of the two-photon transition between metastable levels 1 and 2. Even if the transit time of atoms across the pump beams is taken into consideration, G 12 is only ϳ5 MHz. If the linewidths of the lasers are ignored, the linewidth of the coherent population trapping should be very narrow and proportional to the intensity of coupling field v 2 .
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However, the measured width of peak B is ϳ14 MHz, which is much larger than G 12 . The disagreement may be caused by the linewidth ͑ϳ5 MHz͒ of the lasers or by the strong-field effect. By observing the intensity variation of peak B with the resolution bandwidth of the spectrum analyzer (with the video filter off), we estimate the bandwidth of the beat note to be ϳ2 kHz, which is much narrower than the 6-MHz natural linewidth of Rb and the ϳ5-MHz laser linewidth. This result is a clear indication that the generated signal wave follows the phase of pump f ield v 1 . The inferred bandwidths of three other peaks are also of the order of several kilohertz. Figure 4 (a) shows the dependence of the generated signal power (for the double-L system in Fig. 1 ) on the power of pump field v 1 . There is no saturation in the pump power range that is safe for our detector. On the contrary, the signal power falls beyond the pump level of ϳ1 mW, which is a direct indication of the existence of a balance requirement between the two strong pump f ields v 1 and v 2 for an efficient NDFWM process. In contrast, Fig. 4(b) shows the ordinary saturation behavior for the other double-L system (inset D of Fig. 3 ) and for the L system (inset A of Fig. 3 ). One might think that the decrease of the generated nonlinear signal with the increase of the pump power comes from the beam divergence caused by the self-focusing effect in Rb vapor. If this were true, the 80-MHz beat signal from the combination of pump field v 1 and reference field v 1 1 80 MHz should also decrease at the two-photon resonance. However, the measured intensity of 80 MHz has no observable change when peak B appears, which rules out the possibility of change in beam divergence. We believe, rather, that the strong coupling between the two lower metastable levels makes the double-L system in Fig. 1 different from the other two systems (insets A and D of Fig. 3 ). As mentioned above, when the two pump f ields v 1 and v 2 are resonant with the lower L system, atomic coherence between levels 1 and 2 is induced. The degree of atomic coherence is given by r 12 2V 1 V 2 ͑͞V 1 2 1 V 2 2 ͒, 8 where V 1 and V 2 are the Rabi frequencies of pump f ields v 1 and v 2 , respectively. In our experiment r 12 varies from 0 ͑V 1 0͒ to ϳ 20.29 ͑V 1 ഠ 52 MHz͒, with r 12 ഠ 20.18 for 1-mW pump field v 1 . The data in Fig. 4(a) indicate that the efficiency in the NDFWM process decreases with increasing V 1 in the pump power range 0.8 -3.0 mW. In the lower power range, the nonlinear signal keeps rising with increasing V 1 . For a quantitative description of the experimental results a general theory must be developed that includes a treatment of interference effects in the NDFWM model. From our experimental results one can learn that, although coherent population trapping can reduce the absorption of pump fields and the generated signal field, it does not always facilitate the NDFWM process. There is a requirement for optimal matching between the pump fields.
In summary, NDFWM in a double-L system has been experimentally observed for three collinear pump fields. The atomic coherence effect strongly modif ies the efficiency of this nonlinear process and creates an optimal eff iciency for generating a nonlinear signal in the double-L system. This effect can be important in applications of double-L systems in phase conjugation. These experimental results also give rise to the challenge of developing a theory that will provide an understanding of the effects of coherent population trapping in the NDFWM process for the double-L system. The adjustable range of r 12 is limited here. However, with improved laser sources and detectors, one may be able to investigate the nonlinear processes in these fourlevel systems for a larger range of r 12 values. It will be interesting to find out whether the nonlinear process is more inhibited or is instead revived as the coherent parameter r 12 approaches its maximum value of 20.5.
